We succeeded to fabricate p-n heterojunction and bulkheterojunction small-molecular-weight organic thin-film solar cells by combination of dry (p-type = zinc phthalocyanine, n-type = fullerene) and wet (p-type = tetra-tert-butyl zinc phthalocyanine, n-type = [6,6]-phenyl-C61-buteric acid methyl ester) processes. Relationship between morphologies of semiconducting layers and photovoltaic properties was investigated. The p-n heterojunction organic thin-film solar cells based on dry process, where surface roughness was approximately 2 nm, showed the highest power conversion efficiency of 1.3% in this paper.
Introduction
Organic thin-film solar cells are the focus of intense research efforts for their potential applications in low-cost, colorful and flexible electric power source. Significant advance in the field of organic thin-film solar cells was development of blending network based on p-and n-type semiconductors [1] . This network was fabricated by two approaches: thermal evaporation in high-vacuum and spin-coating from solution. We have demonstrated the nano-structured organic thin-film solar cell, where blending network was fabricated by co-evaporation of p-and n-type small-molecule-weight semiconductors [2] , [3] . This organic thin-film solar cell showed large short-circuit photocurrent density (Jsc) due to mass p-n heterojunction in the mixed layer. This effect was also shown in wet process, so called "bulkheterojunction" [4] .
In this paper, we report device fabrication method by combination of wet and dry processes for small-moleculeweight semiconductors. For vacuum evaporation (dry process), we used zinc phthalocyanine (ZnPc) and fullerene (C60) as p-and n-type small-molecule-weight semiconductors respectively as shown in Figs. 1(a) and (c) [5] . These materials cannot be used for wet process because of their insoluble or poor soluble properties. We introduced soluble semiconducting materials, which were modified by attaching alkyl-chain as shown in Figs. 1(b) and (d). The semiconducting materials for wet process were tetra-tert-butyl zinc phthalocyanine (ZnPctBu4) as p-type semiconductor and [6, 6] n-type semiconductor, respectively. Chloroform solutions of these materials were spin-coated to make organic semiconducting layers. We investigated a correlation of film morphology and photovoltaic properties, when we combined these wet and dry processes.
Experimental Section
The ZnPctBu4 and PCBM were purchased from Aldrich Co. Ltd. and Frontier carbon Co. Ltd., respectively. The 99.99% purity C60 material (MTR Co. Ltd.) was used without further purification and 97% purity ZnPc was purchased from Aldrich Co. Ltd. The ZnPc was used after twice purification by sublimation technique. We fabricated two types of devices, that is, p-n heterojunction organic thin-film solar cell and bulkheterojunction organic thin-film solar cell as shown in the inset of Fig. 2 . To fabricate these organic thin-film solar cells, we initially spincoated poly(ethylenedioxythiphene): polysty-renesulphonic acid (PEDOT:PSS) (Bytron 4083, Bayer) on an indium-tin oxide (ITO) substrate to make its surface smooth. Semiconductor layers were deposited onto the PEDOT:PSS layer by vacuum evaporation using Knudsen-cells at approximately 10 −5 Pa. The bulkheterojunction layer was formed by co-evaporation of ZnPc and C60. The volume ratio of [ZnPc]:[C60] was 1:1. After the deposition of semiconductor layers, a 6 nm bathocuproine (BCP) layer was deposited as a buffer layer. Finally, 150 nm Mg:Ag electrodes were deposited onto the BCP layer through a shadow mask. All of the organic thin-film solar cells were fabricated by the continuous process using a vacuum chamber (EO-5, Eiko engineering Co., Ltd.). The active area was exactly 4 mm 2 . The thicknesses of ZnPc, ZnPc:C60, C60, BCP and Mg:Ag layers were monitored using quartz-crystal oscillators. The deposition rates were 0.5 Å/sec for ZnPc and C60, 1.5 Å/sec for BCP, and 3 Å/sec for Mg:Ag. Deposition of ZnPctBu4 and PCBM was done by spin-coating technique. To control the film thickness, we adjusted the concentration of solutions and rotation speed of the spin-coater. Optimized conditions were 0.5 wt% and 4000 rpm of 80 sec for 25 nm thickness. The bulkheterojunction layer was formed by blend of ZnPctBu4 and PCBM. The weight ratio of ZnPctBu4 and PCBM was 1:1. As for the secondary treatment, films were annealed at 100
• C for 10 minutes. These wet processes were performed in N 2 filled globe box to avoid contamination of O 2 and H 2 O. Solar cell parameters were estimated from current density-voltage (J-V) characteristics under air mass 1.5 global solar simulated light (AM1.5G 100 mW/cm 2 , highly uniform irradiation system using 500 W Xe lamp as a light source, San-ei electric Co., Ltd.) irradiation. We calibrated the light intensity using a standard cell for a-Si solar cell. J-V characteristics were measured using a semiconductor parameter analyzer (Keithley 4200, Keithley Co. Ltd.) at room temperature in approximately 10 −5 Pa vacuum. Morphology of the deposited films was observed by an atomic force microscope (AFM) (MS300, Molecular Imaging Inc.). To investigate a correlation between solar cell parameters and film morphology, we observed surface roughness of the p-and n-layers. Figure 3(a) shows the surface of C60 n-layer (top layer) deposited by dry process onto the ZnPc p-layer deposited by dry process. The surface roughness was approximately 2 nm, which showed sufficient smooth surface. On the other hand, the surface roughness of C60 n-layer deposited onto the ZnPctBu4 p-layer deposited by wet process was approximately 10 nm, where deposited C60 showed aggregation as shown in Fig. 3(b) . We also investigated surface morphologies of initial ZnPc and ZnPctBu4 p-layers (bottom layers). The surface roughness of ZnPc player based on dry process was approximately 2 nm, which was comparable with the surface roughness of the C60 nlayer. On the other hand, the surface roughness of ZnPctBu4 p-layer based on wet process was under 1 nm, which was far smoother than that of the C60 n-layer. These results indicated that surface roughness of n-layer was not influenced by p-layer roughness, but influenced by the deposition process and materials of p-layer. The ZnPctBu4 has alkylchains in order to be a soluble material. It is well known that the alkyl-chain changes the film surface hydrodynamics [6] . Therefore, the existence of alkyl-chain in the bottom layer influenced for the film quality of top layer. Surface morphologies of all organic thin-film solar cells observed by AFM are summarized in Fig. 4 . Next, we discuss bulkheterojunction organic thin-film solar cells. Although surfaces of [D] and [E] were flat enough to show excellent photovoltaic properties, the organic thin-film solar cell of [D] based on all wet process showed poor photovoltaic properties compared with that of [E] . This result indicated that p-and n-type molecules uniformly mixed in nano level for [D] and carrier transport network was not formed. The lack of carrier transport network results in the recombination of generated carriers. For the bulkheterojunction layer, the formation of carrier transport network is the key to obtain high Jsc.
Results and Discussions

